The accuracy of mRNA quantification by reverse transcription (RT) in conjunction with real-time PCR (qPCR) is limited by mRNA losses during sample preparation (cell lysis, RNA isolation, and DNA removal) and by inefficiencies in reverse transcription. To control for these losses and inefficiencies, a technique was developed that utilizes an exogenous internal reference mRNA (ref mRNA) along with mRNA absolute standard curves. The technique was applied to quantify mRNA of the trichloroethene (TCE) reductive dehalogenase-encoding tceA gene in an anaerobic TCE-to-ethene dechlorinating microbial enrichment. Compared to RT-qPCR protocols that utilize DNA absolute standard curves, application of the new technique increased measured quantities of tceA mRNA by threefold, demonstrating a substantial improvement in quantification. The technique was also effective for quantifying the loss of mRNA during specific steps of the sample processing protocol. Analysis revealed that the efficiency of the RNA isolation (56%) step was significantly less than that of the cell lysis (84%), DNA removal (93%), and RT (88%) steps. The technique was applied to compare the effects of cellular exposure to different chlorinated ethenes on tceA expression. Results show that exposure to TCE or cis-1,2-dichloroethene resulted in 25-fold-higher quantities of tceA mRNA than exposure to vinyl chloride or chlorinated ethene starvation.
The application of reverse transcription (RT) in conjunction with real-time PCR (qPCR) is rapidly becoming the preferred approach for quantifying specific mRNAs from environmentally relevant microbial samples (2, 3, 6-13, 22, 31, 36, 38, 39, 41) (for technical reviews of RT-qPCR, see references 4, 5, 15, and 32). RT-qPCR is distinguished from alternative RNA quantification methods, such as Northern blotting, in situ hybridization, RNase protection assays, RT-PCR, and microarray analyses, by its ability to rapidly analyze large numbers of samples while maintaining high degrees of both sensitivity and specificity (4, 15) . The accuracy of RT-qPCR measurements, however, is limited by mRNA losses during sample preparation and by inefficiencies in reverse transcription (4, 5, 15) . Loss of mRNA during sample preparation may result from the incomplete lysis of cells, enzymatic and abiotic degradation, incomplete volume transfers and phase separations, and, when mRNA is isolated using glass fiber binding columns, incomplete adsorption to filters. Inefficient reverse transcription may result from inhibition of the reverse transcriptase by residual alcohol, phenol, and salts.
To control for some or all of these losses and inefficiencies, mRNA quantities are frequently normalized to a reference measurement. One common approach is to normalize mRNA quantities to the mass of total RNA analyzed (4) . This approach has two principal drawbacks. First, total RNA is composed of mRNA, rRNA, tRNA, and small noncoding RNAs. Since the stabilities of these RNAs may significantly differ, normalizing to the mass of total RNA cannot specifically control for the degradation and loss of mRNA (5) . Second, to accurately compare mRNA quantities from different samples, the mass of total RNA per cell must not significantly differ between the samples of interest. The mass of total RNA per cell, however, can change dramatically throughout cellular growth cycles and with different environmental conditions (17, 26) .
As an alternative, mRNA quantities can be normalized to the quantity of mRNA of an endogenous housekeeping gene (4, 5) . Assuming that target and housekeeping mRNAs behave similarly, the processing and amplification of both mRNAs in parallel can control for mRNA losses during sample preparation, including enzymatic and abiotic degradation, and for inefficiencies in reverse transcription. Accurate comparison of mRNA quantities between different samples, however, requires the expression levels of the selected housekeeping genes to remain relatively stable. As with the mass of total RNA, dramatic changes in the expression levels of housekeeping genes have been observed in both eukaryotic (35, 42, 43) and prokaryotic (36) cells.
In this study, a third normalization approach is developed that utilizes an exogenous internal reference mRNA (ref mRNA). The ref mRNA is an in vitro-transcribed mRNA described as "exogenous" because it is not found in the sample of interest, "internal" because it is added to culture samples prior to sample processing, and "reference" because the initial amount is known. After sample processing, the recovered quantities of ref and target mRNAs are independently measured by multiplex real-time PCR using independent standard curves and the absolute standard curve method (19, 27) . The sample-specific fractional recovery of ref mRNA is then used as a normalization factor to control for the loss of mRNA during the cell lysis, RNA isolation, and DNA removal steps. The primary advantage of this approach is that measurements are independent of cell state, growth stage, and gene expression level, consequently allowing for accurate comparison of mRNA quantities across different experimental conditions. One limitation of this approach, however, is that it cannot control for mRNA losses resulting from the incomplete lysis of cells. Therefore, the cell lysis procedure must be carefully optimized for the specific organism of interest.
The ref mRNA technique developed here was applied to quantify mRNA of the trichloroethene (TCE) reductive dehalogenase-encoding tceA gene in an anaerobic TCE-to-ethene dechlorinating microbial enrichment. Although ref mRNA techniques have been applied to mammalian (1, 18, 34) and plant (25) cells, to our knowledge this is the first application to prokaryotic cells or to complex microbial communities.
MATERIALS AND METHODS
Microbial culture. The anaerobic TCE-to-ethene dechlorinating microbial enrichment, designated ANAS, and procedures for culture maintenance have been previously described (29) . Briefly, cells were grown in a continuously stirred semibatch reactor at 25 to 28°C. The total reactor volume was 1.5 liters, and the liquid volume was 400 ml. To prevent oxygen intrusion, the reactor was pressurized to 1.8 atm with N 2 /CO 2 (90:10). The reactor was periodically amended with a total of 111 mol TCE (approximate aqueous concentration of 0.1 mM) and with sodium lactate to an aqueous concentration of 25 mM. After complete dechlorination of all the TCE to ethene, which typically required 7 days, the reactor was purged with N 2 and 60 to 100 ml of culture was withdrawn and replaced with an equal volume of fresh anaerobic medium.
For chlorinated ethene exposure experiments, 100 ml of culture was transferred to a 160-ml anaerobic bottle and maintained in the absence of chlorinated ethenes for 72 h. Thereafter, 25-ml aliquots were transferred to four parallel 70-ml anaerobic bottles. The subcultures were purged with N 2 /CO 2 (90:10) for 15 min and amended with sodium lactate to an aqueous concentration of 4 mM. Three of the subcultures were further amended with 6 mol of TCE, cis-1,2-dichloroethene (cDCE) (added as chlorinated ethene-saturated water), or vinyl chloride (VC) (added as a pure gas). The fourth subculture was starved of chlorinated ethenes to serve as a control. Subcultures were incubated at 30°C for 8 h with shaking while chlorinated ethene concentrations were monitored by gas chromatography. Cells for mRNA and protein analyses were collected from 1-ml culture samples by centrifugation (5 min at 10,000 ϫ g) in RNase-free 2-ml screw-cap microcentrifuge tubes. The supernatants were discarded, and the cell pellets were stored at Ϫ80°C until further processing.
Cell lysis and RNA isolation (acid phenol method). Cells were lysed and RNA was isolated using a modified method of Siering and Ghiorse (33) . Frozen cell pellets were resuspended in 250 l lysis buffer (50 mM sodium acetate, 10 mM EDTA; pH 5.1), 100 l 10% sodium dodecyl sulfate, 1.0 ml pH 4.3 bufferequilibrated phenol (Sigma Chemical Company, St. Louis, MO), and 2 l of 10 8 transcripts l Ϫ1 luciferase control RNA (Promega, Madison, WI). Cells were lysed by amending samples with 1 g 100-m-diameter zirconia-silica beads (Biospec Products, Bartlesville, OK), heating them to 65°C for 2 min, bead beating them with a Mini Bead Beater (Biospec Products) for 2 min, incubating them for 10 min at 65°C, and bead beating them for an additional 2 min. Cellular debris was collected by centrifugation (5 min at 15,000 ϫ g), and the aqueous lysate was transferred to a new RNase-free microcentrifuge tube.
RNA was isolated by being extracted twice with 1 volume of pH 4.3 bufferequilibrated phenol:chloroform:isoamyl alcohol (125:24:1) and once with 1 volume of chloroform:isoamyl alcohol (24:1) (Sigma Chemical Company). Isolated RNA was precipitated overnight at Ϫ20°C with 0.5 volume of 7.5 M ammonium acetate, 2 volumes of absolute ethanol, and 2 l of 10 g l Ϫ1 glycogen (Fermentas, Hanover, MD). The precipitate was collected by centrifugation, washed once with 80% ethanol, and resuspended in 40 l of diethyl pyrocarbonatetreated deionized water (ISC BioExpress, Kaysville, UT).
Alternative cell lysis and RNA isolation methods. In addition to the acid phenol method described above, cells were lysed and RNA was isolated using two different commercial kits, the UltraClean Microbial RNA kit (Mo Bio Laboratories, Carlsbad, CA) and the RiboPure Bacteria kit (Ambion, Austin, TX). For both kits, total RNA was isolated from 1-ml ANAS culture samples according to the manufacturers' instructions.
DNA removal. Contaminating DNA was removed by DNase I treatment using the DNA-free kit (Ambion). To stringently remove contaminating DNA, two serial 50-l DNase I treatment reactions were performed: the first reaction mixture contained 4 U DNase I, and the second contained 2 U DNase I. Treated RNA was stored at Ϫ80°C prior to further use. qPCR standards. DNA standards for tceA were synthesized by cloning a 3.6-kb region containing the entire tceA open reading frame into the pCR 2.1-TOPO plasmid (Invitrogen, Carlsbad, CA). Recombinant plasmid DNA was purified from a 100-ml Escherichia coli culture using a standard alkali lysis ethanol precipitation protocol (30) . Mass of DNA per volume was quantified using the PicoGreen double-stranded DNA quantitation kit (Molecular Probes, Eugene, OR) according to the manufacturer's instructions. Copy number of tceA DNA per volume was calculated using a recombinant plasmid size of 7.5 kb and an average molecular mass of 660 Da nucleotide pair Ϫ1 . When single-stranded cDNA samples produced by RT were quantified, the theoretical copy number of the tceA double-stranded DNA standard was multiplied by two.
Standards for tceA mRNA were synthesized by linearizing tceA-containing plasmid DNA with XmnI restriction endonuclease (New England Biolabs, Beverly, MA), followed by in vitro transcription using T7 RNA polymerase (Roche Diagnostics, Indianapolis, IN). Plasmid template was removed by DNase I treatment using the DNA-free kit (Ambion) according to the manufacturer's instructions. Effective plasmid digestion and synthesis of transcripts of the expected size were confirmed by DNA and RNA analyses on a 2100 Bioanalyzer (Agilent, Palo Alto, CA Ϫ1 . Primers and probes. TaqMan primer-probe sets were purchased from PE Applied Biosystems, Foster City, CA. One set was designed to target all the tceA gene sequences currently deposited in the NCBI GenBank database (www.ncbi.nlm.nih.gov) (accession numbers AF228507, AY165309, AY165310, AY165311, and AY165312) (tceA forward primer ATCCAGATTATGACCCT GGTGAA, tceA reverse primer GCGGCATATATTAGGGCATCTT, tceA probe 6-carboxyfluorescein-TGGGCTATGGCGACCGCAGG-6-carboxytetramethylrhodamine). A second primer-probe set was designed to target ref mRNA Quantification of reverse transcription efficiency. Serially diluted tceA mRNA standards were reverse transcribed using the RT core reagent kit (PE Applied Biosystems). Each 10-l reaction volume contained 2 l of standard mRNA and 0.5 M of the tceA reverse primer. The reaction mixture was incubated for 30 min at 55°C followed by 5 min at 95°C. Reactions were performed at 55°C to increase the stringency of primer-template binding and therefore improve RT specificity (14, 16) .
The reverse-transcribed tceA mRNA standards and serially diluted tceA DNA standards were amplified in parallel on an ABI Prism 7000 Sequence Detection System (Applied Biosystems). Each 25-l qPCR volume contained 2 l of tceA DNA standard or reverse-transcribed tceA mRNA standard, 12.5 l of 2ϫ TaqMan Universal PCR Master Mix (Applied Biosystems), 0.2 M of tceA probe, and 0.7 M of each tceA primer (forward and reverse). Thermocycling conditions were as follows: 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. A single fluorescence value (R) was identified that corresponded with exponential amplification in every sample. The threshold cycle [C T (R)] values associated with this fluorescence were then plotted against the initial number of DNA or mRNA copies in each reaction. The efficiency of RT was calculated as the ratio of initial tceA mRNA copies to initial DNA copies for a fixed value of C T (R).
Quantification of tceA mRNA in culture samples. Multiplex RT-qPCR was applied to independently quantify tceA and ref mRNA in each culture sample. Sample RNA, 10-fold serially diluted tceA mRNA standards, and 10-fold serially diluted ref mRNA standards were reverse transcribed in parallel 10-l reaction mixtures using the RT core reagent kit (PE Applied Biosystems), 2 l of sample or standard mRNA, and 0.5 M of each reverse primer (tceA and ref) . RT incubation conditions were identical to those described above. Multiplex qPCR was performed in 25-l reaction volumes containing 2 l of RT product, 12. 
Biomass quantification. Biomass was quantified as mass of cellular protein. Frozen cell pellets from 1-ml culture samples were resuspended in 100 l of 48 mM NaOH. The mixture was boiled at 100°C for 20 min followed by centrifugation (10 min at 10,000 ϫ g) to remove cellular debris from the supernatant. Protein mass per volume was quantified from 50 l of the supernatant using the Coomassie Plus protein assay reagent kit with bovine serum albumin as the standard (Pierce Biotechnology, Rockford, IL).
RESULTS

Analysis and control of RT inefficiencies.
To assess the efficiency of the RT protocol described here, tceA DNA standards and reverse-transcribed tceA mRNA standards were amplified and analyzed in parallel. Both sets of standards exhibited similar linear slopes over 5 orders of magnitude (DNA, Ϫ3.47; 95% confidence interval [CI], Ϫ3.06 to Ϫ3.87; mRNA, Ϫ3.50; 95% CI, Ϫ3.29 to Ϫ3.72) (Fig. 1A) . In addition, the two sets of standards returned nearly identical C T values for a given initial copy number, which is indicative of a high RT efficiency. The median separation distance between the tceA DNA and mRNA standard curves was 0.27 C T , corresponding to a median RT efficiency of 88% (evaluated at C T ϭ 26). This RT efficiency is consistent with RT efficiencies reported elsewhere (15) .
Optimization of the cell lysis and RNA isolation protocol. The cell lysis and RNA isolation protocol described here (acid phenol method) was optimized to maximize the lysis efficiency of the tceA-containing organism in the ANAS enrichment. Bead beating for 2 min increased yields of tceA mRNA by 3.5-fold over those for lysis without bead beating, while bead beating for longer than 2 min (maximum of 8 min) did not affect tceA mRNA quantification. All results presented here used 4 min of bead beating.
The optimized cell lysis and RNA isolation protocol (acid phenol method) was compared to two commercial RNA isolation methods, the UltraClean Microbial RNA kit (Mo Bio Laboratories), and the RiboPure Bacteria kit (Ambion). Of the three methods, the acid phenol method yielded the most RNA from the ANAS culture. All results presented here used the acid phenol method for cell lysis and RNA isolation. (Fig. 2) . To examine the effective dynamic range of the cell lysis and RNA isolation protocol (acid phenol method), cells were harvested from homogenized sets of 1-ml ANAS culture samples that differed in cellular protein concentration (3.3 to 330 ng Loss of mRNA during specific protocol steps. The ref mRNA technique was applied to quantify the loss of mRNA during specific protocol steps. Four parallel sets of 1-ml ANAS culture samples (five replicates for each set) were amended with 2 ϫ 10 8 copies of ref mRNA immediately prior to the cell lysis, RNA isolation, DNA removal, or RT steps, and the recovered quantities of tceA and ref mRNA were measured by multiplex RT-qPCR ( Table 1) . As expected, measured quantities of tceA were consistent across all sample sets and hence independent of when ref mRNA was added to samples. By calculating differences in the mean fractional recoveries of ref mRNA when ref mRNA was added prior to each step, the contribution of each step towards the overall loss of mRNA was estimated to be 16% for cell lysis ( 
. These fractional losses of mRNA correspond to mRNA recovery efficiencies of 84% for the cell lysis step, 56% for the RNA isolation step, and 93% for the DNA removal step.
Effect of chlorinated ethene exposure. The ref mRNA technique was applied to examine the effect of chlorinated ethene exposure on the quantity of tceA mRNA in the ANAS enrichment. Parallel subcultures were exposed to TCE, cDCE, or VC or starved of chlorinated ethenes. To control for any variability in cellular density between the subcultures, tceA mRNA measurements were normalized to the mass of cellular protein per sample. Without ref mRNA normalization, the quantities of tceA mRNA in the TCE-, cDCE-, and VC-exposed subcultures were 89-, 57-, and 3-fold greater, respectively, than in the chlorinated ethene-starved subculture (Fig. 4) . Normalization to the samplespecific fractional recovery of ref mRNA changed the results in two ways. First, the quantity of tceA mRNA increased more than threefold in all the subcultures. Second, as a result of differing sample-specific fractional recoveries of ref mRNA, the ratio of tceA mRNA quantities in the VC-exposed and chlorinated ethene-starved subcultures decreased from 3-fold to 1.4-fold, which substantially reduced the apparent effect of VC exposure on the quantity of tceA mRNA.
DISCUSSION
The primary objective of this work was to develop an RTqPCR technique that provides accurate quantification of specific mRNAs from prokaryotic samples. Limitations to the accuracy of mRNA quantification result from mRNA losses during sample processing (cell lysis, RNA isolation, and DNA removal) and from inefficiencies in RT (4, 5, 15) . Traditional methods for controlling some or all of these losses, such as normalizing to the mass of total RNA or to quantities of housekeeping mRNA, suffer from dependencies on cell state, growth stage, and/or environmental conditions (17, 26, 35, 36, 42, 43) . The novel approach developed here overcomes this limitation by normalizing to an internal reference mRNA (ref mRNA) that is not present in the experimental culture. Although ref mRNA techniques have been applied to eukaryotic cells (1, 18, 25, 34) , to our knowledge this work represents the first application to prokaryotic cells. One limitation of the ref mRNA technique developed here is that it cannot control for the underestimation of mRNA quantities resulting from the incomplete lysis of cells. In this work, this limitation has been addressed by specifically optimizing the cell lysis protocol for the tceA-containing organism in the ANAS enrichment.
The ref mRNA technique coupled with the absolute standard curve method (19, 27) dramatically improved the quantification of tceA mRNA in the ANAS enrichment. Repeated experiments revealed that only 30% of the ref mRNA was recovered after the cell lysis, RNA isolation, and DNA removal steps ( Fig. 2 and 3 ; Table 1 ). This overall mRNA recovery efficiency is consistent with RNA recovery efficiencies reported for other microbial cells, which range from 20 to 87% (28, 37, 40) . Of the 30% of mRNA remaining after RNA isolation and purification, 88% was effectively synthesized to cDNA by RT (Fig. 1) . Taking these mRNA losses and process inefficiencies together, the amount of cDNA amplified by qPCR corresponds to only 26% of the original quantity of mRNA [(30% of mRNA remaining after the cell lysis, RNA isolation, and DNA removal steps) ϫ (88% RT efficiency)].
The ref mRNA technique proved to be a valuable tool for assessing the performance of different RNA processing steps. The mRNA recovery efficiency of the RNA isolation step (56%) was significantly less than that of the cell lysis (84%) and DNA removal (93%) steps. The RNA isolation step as employed here involves three aqueous-organic phase separations. During these phase separations, 10 to 15% of the aqueous phase was consistently left behind to prevent carryover of genomic DNA to downstream processes (DNA accumulates near the interface of acid phenol). Over three serial phase separations, the inefficient transfer of aqueous volumes likely accounts for the 56% efficiency of the RNA isolation step. Similarly, the cell lysis step involves one organic-aqueous phase separation (bead beating is performed in a two-phase phenolaqueous lysis buffer), and the incomplete transfer of the aqueous layer could account for the 84% efficiency of this step. Taken together, this analysis suggests that physical losses contributed significantly more towards the overall loss of mRNA than mRNA degradation.
As a proof of concept, the ref mRNA technique was applied to investigate the effects of chlorinated ethene exposure on the quantity of tceA mRNA in the ANAS enrichment. Results show that the quantities of tceA mRNA in the TCE-and cDCE-exposed subcultures were 25-fold higher than in the VC-exposed and chlorinated ethene-starved subcultures. This effect was likely not due to cell growth, as the reported 19-hour doubling time of the tceA host organism, Dehalococcoides ethenogenes 195 (24) , is much longer than the 8-hour time period of the chlorinated ethene exposure experiment. Instead, these differences likely represent chlorinated ethene-dependent differences in the expression level of the tceA gene.
The observation of increased tceA gene expression after exposure to TCE or cDCE but not VC is consistent with a regulatory scheme where tceA expression increases only in response to growth-supporting substrates of the TCE reductive dehalogenase. Physiological studies of D. ethenogenes 195 have shown that this strain can couple growth with the dechlorination of TCE and cDCE but not with VC (23, 24) . In addition, biochemical studies of the purified TCE reductive dehalogenase have shown that dechlorination rates for TCE and cDCE were more than 2 orders of magnitude greater than the dechlorination rate for VC (20, 21) . Interestingly, prior to ref mRNA normalization, tceA mRNA quantities in the VC-exposed subculture were substantially higher than in the starvation subculture (3-fold). After ref mRNA normalization, however, this difference was reduced to 1.4-fold, demonstrating the substantial effect that application of the ref mRNA technique can have on the interpretation of RT-qPCR data.
